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Abstract 
Estimating the residual ultimate strength of a severely 
damaged hull structure is important for determining 
recoverability, seaworthiness or assessing the capabili-
ties of different structural configurations for withstand-
ing damage. However, the estimation of ultimate 
strength, including a realistic representation of damage, 
is a complex problem and recourse must be made to 
advanced numerical methods. This paper provides a 
comparative assessment of several nonlinear finite ele-
ment analysis approaches for the analysis of a small 
scale box girder structure in intact and damaged scenar-
ios. Three severe damage scenarios are simulated, and 
the ultimate strength of the damaged girder is then cal-
culated using several techniques. The results demon-
strate the significance of the residual in plane stresses 
sustained during the onset of damage.  
Keywords 
Ultimate strength; damage; nonlinear finite element 
analysis; progressive collapse 
Introduction 
A critical strength measure of a thin plated box girder 
structure, such as the main hull of a ship, is the ability to 
withstand combinations of vertical and horizontal bend-
ing moments acting upon the longitudinally continuous 
structure. The maximum capacity of a hull girder under 
a pure longitudinal bending moment, often referred to as 
its ultimate strength, can be determined using several 
numerical approaches including nonlinear finite element 
analysis and simplified analytical methods. These ap-
proaches are generally referred to as progressive col-
lapse analysis.  
If a portion of the longitudinally effective structure is 
ruptured or severely damaged through collision, ground-
ing or malicious attack, the ultimate capacity of the hull 
girder will inevitably be reduced. An assessment of 
residual ultimate strength in a damaged condition is thus 
useful for determining recoverability, seaworthiness or 
assessing the capabilities of a particular structural ar-
rangement for withstanding damage.  
This paper provides a comparative assessment of sever-
al nonlinear finite element analysis (NLFEM) approach-
es for the analysis of a small box girder structure in 
intact and damaged scenarios. The box girder replicates 
one of a series of structures originally tested by Gordo 
and Guedes Soares (2009). In this study the girder is 
first analysed when intact and then with ruptured pene-
trations simulated using a large indenter to represent 
damage. The results demonstrate the significance of the 
residual stresses sustained in the damage simulation. 
Background 
Longitudinal progressive collapse involves nonlinear 
buckling and collapse of compressed portions of a box 
girder beam. Simplified approaches have been proposed 
to solve the progressive collapse problem, and several 
continue to be developed. They range in complexity and 
include simple closed form empirical formulae (Paik 
and Mansour, 1995), interframe progressive collapse 
methods (Smith, 1977) and compartment level methods 
(Benson et al., In press).  
NLFEM is also a viable option for hull girder strength 
assessment. However, from a design perspective, 
NLFEM requires detailed knowledge of the geometry, 
imperfections and residual stresses in the structure. 
These are not necessarily well defined, even in struc-
tures physically tested in carefully controlled laboratory 
environments. Furthermore, from an analysis perspec-
tive, NLFEM requires considerable computer time both 
in setting up and solving the discrete model. Elements 
must be sized sufficiently small to represent the local 
structure adequately. The number of elements for an 
entire hull girder mesh can easily run to several hundred 
thousand, which becomes computationally expensive 
for NLFEM analyses.    
Nethertheless, NLFEM is attractive when considering 
damage scenarios. The method is highly flexible. It can 
be used to model the damage scenario itself as well as 
the progressive collapse problem. Complex damage 
scenarios can be analysed provided sufficient infor-
mation is known about the material properties, impact 
energy and boundary conditions. The finite element 
model will retain geometric and material information 
from a damage simulation, for example the residual 
stresses in the remaining structure, and will propagate 
this information into a progressive collapse assessment.  
An early application of NLFEM for the analysis of hull 
girders is presented by Kutt et al. (1985), who used a 
classification society NLFEM program (USAS) to cal-
culate the longitudinal strength of four ship hulls includ-
ing a passenger ship and a tanker. Results from nonline-
ar NLFEM analyses of box girders are presented by Qi 
et al. (2005). Analyses of tanker structures using large 
scale NLFEM models are made by Amlashi and Moan 
(2009).  
The complexities of the ruptured zone after a collision 
or grounding are clearly shown from experimental work 
by numerous authors. For example, a series of full scale 
experiments by Wevers & Vredeveldt (1999) demon-
strate the effects of a collision on different side shell 
scantlings. NLFEM simulations by AbuBakar & Dow 
(2013) present a series of large scale collision scenarios 
between two merchant ships.  NLFEM studies demon-
strating the severity and complexity of an actual ship 
collision have also been reported by Ehlers & Tabri 
(2012) amongst others.  
These studies concentrate on the damage simulation 
itself, in particular the methods used to model the mate-
rial behavior to capture high strain effects such as neck-
ing and fracture. Further work has been completed to 
capture the post damage residual strength of the hull 
girder. For example, Ehlers et al. (2013) considered the 
effect of the damage on the ultimate strength of the ship, 
although the ultimate strength calculations were limited 
to interframe progressive collapse calculations.  
Finite Element Methods 
This paper provides a comparative assessment of sever-
al NLFEM approaches for the analysis of box girder 
structures in intact and damaged scenarios. Both static 
implicit and dynamic explicit solvers are used with the 
commercial software program ABAQUS. A summary 
of static and dynamic solvers are now given in relation 
to the box girder bending moment problem. 
Static Implicit Methods 
Typically, NLFEM analyses of hull girder progressive 
collapse utilise a static solver together with an equilibri-
um convergence iterator using either the Riks arc length 
method or modified Newton-Raphson method. The 
static solver assumes that the time dependent mass and 
inertia effects are small and thus can be neglected. This 
assumption implies a quasi-static structural response, 
which is usually valid if the loading frequency is less 
than a quarter of the lowest natural frequency of the 
structure.  
In the context of box girder analysis, the static solver is 
usually used in conjunction with an implicit conver-
gence method. This means that equilibrium between 
external and internal forces at each increment is solved 
by carrying out further iterations until equilibrium is 
achieved within a specified tolerance. This allows rela-
tively large increment sizes to be used at the expense of 
requiring multiple iterations of each increment.  
Several convergence methods are generally available. 
The Newton-Raphson method is particularly advanta-
geous when the response nonlinearity is gradual, and 
will often result in an efficient and accurate solution 
time. The Riks method is employed when the response 
is more discontinuous, with sharp nonlinearities. Box 
girder collapse is typically characterised by a relatively 
sudden departure from a linear response as the imposed 
load approaches the ultimate strength, which is due to 
the compressed beam buckling. The Riks method was 
therefore used for all the implicit analyses conducted in 
this study. 
Dynamic Explicit Methods 
The implicit static approach assumes that the box girder 
response can be characterised as quasi static. However, 
damage simulations such as are shown in this paper 
must be characterised as dynamic, thus including mass 
and damping effects. Use of a dynamic solver has been 
shown to be essential for ship collision, grounding and 
blast loading of ship structures where the damage is 
sustained relatively quickly. This paper compares the 
effectiveness of using a dynamic solver for the progres-
sive collapse analysis in addition to its application in 
damage simulation.  
In a dynamic NLFEM simulation mass-acceleration and 
damping-velocity terms need to be satisfied in the equi-
librium equation, creating a time dependent simulation. 
The mass and time dependent loading or displacement 
of the NLFEM model must be adequately defined in the 
pre-processor. In the types of analysis covered in this 
paper, the inclusion of additional terms in the equilibri-
um equation adds a considerable time penalty to the 
solver, and the use of an implicit solver makes many 
analyses unfeasibly time consuming. Therefore, a more 
efficient approach is to use an explicit solver. This pro-
cedure does not ensure equilibrium of internal and ex-
ternal forces at the end of each increment. Instead, the 
stiffness matrix at the beginning of the increment (time 
t) is used to predict the solution at the end of the incre-
ment (time t+dt). This means the time step must be 
sufficiently small to prevent the residual between the 
calculated solution and the actual solution becoming too 
large. If the time increment is set too large the calculat-
ed response may drift too far from the actual solution to 
provide reliable results.  
In addition to analysing the progressive collapse of a 
box girder, the dynamic-explicit solver approach is also 
suitable for analysing impact damage and rupture. Mod-
elling of rupture requires a well-defined failure model 
specific to the material properties and element size. The 
failure model for the high tensile steel investigated in 
this study is detailed further in the next section. All 
damage simulations have been conducted using the 
general approach described by AbuBakar and Dow 
(2013). 
Material Properties 
Appropriate definitions of material properties for high 
tensile steel grade (S690) are important to adequately 
characterise high strain and rupture in the damage simu-
lations. The material properties are identical in all anal-
yses and are now summarised. 
Stress Strain Relationship 
The material characteristics, in the form of a true stress-
strain curve, must be adequately represented in the finite 
element model to ensure an accurate treatment of plas-
ticity. This is important for the progressive collapse 
analysis and also for realistically modelling rupture in 
the damage tests. Therefore a literature search was con-
ducted to better define the nonlinear response for the 
material. The nominal yield strength of the high tensile 
steel S690 is 690MPa with a Young’s modulus of 
200GPa. No tensile test data for the steel used in the box 
girder experiments is available, although manufacturers 
quoted values are 732MPa at yield and 808MPa at 15% 
elongation. However, tests on specimens from 4mm 
plate by the same research team are reported as 680MPa 
at yield and 764MPa at 10.5% elongation (Gordo and 
Guedes Soares, 2011). A separate study presents a com-
plete stress-strain curve for S690 (Sedlacek and Müller, 
2001). This curve can be described using a modified 
power law, which was developed to accurately represent 
the initial yield plateau characteristic of steel (Alsos et 
al., 2008). The power law uses a step function as fol-
lows: 
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   (1) 
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 (2) 
The constants for S690 used in this study are based on 
the curve by Sedlacek and Muller as follows: 
K=1250MPa, n=0.12, eplat=0.0124, s0=745MPa and 
E=211GPa. The stress-strain curve is shown in Fig. 1.  
   
Fig. 1: S690 Stress-Strain Curve 
Failure Model 
The material failure model is used in conjunction with 
the material properties described previously. The failure 
model permits the rupture of the box girder structure 
when the material exceeds the allowable or maximum 
strain in any direction during penetration of the indent-
er.  
The material failure model is based on the forming limit 
diagram (FLD) method, which is a concept introduced 
by Keeler and Backofen (1964) to determine the amount 
of deformation that a material can withstand prior to the 
onset of necking instability. The maximum strains that 
sheet material can sustain prior to the onset of necking 
are referred to as the forming limit strains as described 
in the ABAQUS documentation. 
Considering the forming limit strains as rate independ-
ent effects in the FLD method, details of which can be 
found in Jie et al. (2009), the following relationships are 
used: 
?? ? ???
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     (3) 
where re= e2/e1 is the strain ratio. re=0 for plane strain 
re=-0.5 for simple tension and re=1 biaxial tension, 
which is the basis for localized necking failure. n is the 
hardening constant.  
 
 
Fig. 2: (a) The scaling forming limit diagram at onset 
necking versus element length [32]. (b) The failure strain 
versus element length. 
For all of the simulations carried out the friction coeffi-
cient was set at 0.3 and the displacement at failure con-
sidered to be euL. Where eL is ultimate strain, approxi-
mately 0.5ef; where ef is fracture strain and L is charac-
teristic element length. In the post necking regime the 
element characteristic size has a significant influence on 
the accuracy of the results. For shell and 2D elements, L 
is square root of the integration area and for 3D ele-
ments L is the cube root of the integration of volume. 
The rupture of the structure depends upon FLD0, which 
is the point of minimum strain under plane strain condi-
tions when local necking occurs. For this study a rupture 
strain of 0.1 was assumed, as shown in Fig. 1. The FLD0 
in relation to element length in Fig. 2a introduced by 
AbuBakar et al. (2010) are used throughout this analy-
sis. Fig. 2b shows the relationship of rupture strain be-
tween AbuBakar et al. (2010) and Ehlers (2010), where 
the rupture point according to the element length is 
alike. Ehlers also shows that the thicknesses of the plate 
do not give any significant effect to the rupture strain 
point. 
Analysis of Intact Box Girder 
This paper replicates experiments on a simple multi-
frame box girder structure, which was originally physi-
cally tested at the Technical University of Lisbon (IST) 
using a four point bending rig. The girders were built 
simply; because it is a small scale model the stiffeners 
are placed on the outside of the shell to enable welding 
access during construction. The principal box girder 
dimensions are shown in Fig. 3 with spacing and thick-
nesses presented in Table 1.  
Table 1 – Box Girder Properties 
Specimen 
Length   
(mm) 
Frame  
Spacing  
(mm) 
Plate  
Thickness  
(mm) 
Stiffener 
Height  
(mm) 
Stiffener 
Thickness  
(mm) 
1000 200 4 20 4 
 
 
 
Fig. 3: Box girder cross section [source: [2]].  
The length includes an additional 100mm span at each 
end, which was connected to the bending rig by a heavy 
bulkhead. Load was applied through hydraulic jacks 
connected to a strong box, which in turn rests on the 
outer supports of the bending rig. All the supporting 
structure was constructed from thick high tensile steel. 
The test specimen was welded between the outer sup-
ports whilst the outer edges of the supports rested on the 
floor. The rig thus produces a four point bending load, 
with the central section under pure bending moment.  
To ensure a robust modelling approach, the parameters 
which are used to replicate various important aspects of 
the experimental setup were first defined using prelimi-
nary analyses where appropriate. A summary of these 
preliminary tests are now presented. 
Model extents and boundary conditions 
A common idealisation when analysing a hull section or 
box girder section is to only analyse a section or slice of 
the complete geometry. This reduces the size and com-
plexity of the mesh, allowing efficient use of the 
NLFEM solver. It is especially important when simulat-
ing damage scenarios, which require very small incre-
ment sizes and may take a substantial amount of compu-
tation time to complete.  
Therefore, a representation of the IST box girder test 
section as an isolated unit was first developed in Abaqus 
CAE. Bending moment is applied through rotation con-
trols applied to one or both ends of the section. Suitable 
boundary conditions can be set to ensure the rotation 
produces a pure bending moment without introducing 
an eccentric longitudinal force. In this study, the section 
boundary conditions were set as shown in Fig. 4.  
 
 
Fig. 4: Test Section Model Boundary Conditions 
One end of the section is constrained in all 6-degrees of 
freedom. The other end is tied to a reference point using 
rigid body constraints. Rotation is applied at the refer-
ence point with all other degrees of freedom uncon-
strained. This effectively creates the same boundary as 
at the fixed end but with the plane free to translate bodi-
ly. Note that the position of the reference node is arbi-
trary and does not have to coincide with the neutral axis.  
The rotation of the rigid body is then controlled in the 
analysis to cause progressive application of pure bend-
ing moment in the mid region, which is ensured because 
the end bays are shorter and thus less susceptible to 
interframe buckling than the central bays.  
To demonstrate the validity of the test section model for 
comparison with the physical experiment results, a 
complete representation of the 4-point bending rig was 
also developed. This enabled the test section to be load-
ed in the same manner as followed in the original exper-
iment (Fig. 5b). The model is pinned at the outermost 
supports and bending moment is imparted in the central 
section using displacement controlled constraints at the 
load application points. 
Mesh 
All models were meshed using Abaqus S4R quad ele-
ments, with S3 triangular elements used where neces-
sary to mesh round complex features such as the frames. 
S4R is a 4 node doubly curved finite strain element with 
reduced integration. The default in plane displacement 
hourglass control within Abaqus is employed. A mesh 
convergence study was undertaken to indicate the re-
quired element size to generate consistent results. A 
20mm characteristic element length was found to be 
sufficient. 
Results 
 
 
Fig. 5: NLFEM mesh plots for F200 test: (a) speci-
men model, (b) complete model 
 
The NLFEM bending moment-curvature plots in Fig. 6 
generally show relatively poor correlation with the 
physical test results. The NLFEM predicts lower ulti-
mate strength by about 20% in the F200 and F300 spec-
imens. The F400 specimen results show a much closer 
correlation, with the NLFEM predicting only a slightly 
decreased ultimate strength. However, the NLFEM 
results all show lower initial stiffness. It is possible that 
this may be caused due to additional support of the 
upper flange due to the supports in the physical experi-
ment. A more detailed analysis and explanation of this 
discrepancy is given in Benson et al. (2013).  
 
Fig. 6. ???? 
The quasi static Riks method is also compared to an 
equivalent nonlinear dynamic-explicit NLFEM analysis 
to demonstrate the suitability of the quasi-static post 
collapse characterisation. The small size of the IST box 
girders means that they are well suited to an efficient 
analysis without excessive computational effort.  
 
Fig. 7: Comparison of NLFEM solvers with vertical 
(sag) bending moment 
 
Results are presented in Fig. 7. The static and dynamic 
approaches produce almost identical behaviour. The 
findings suggest that the quasi static Riks approach is an 
acceptable solver method even when handling a highly 
nonlinear post collapse scenario. The results are so close 
as to suggest that box girder collapse is essentially qua-
si-static, even when the peak of the bending moment 
curve is sharp and the unloading portion of the curve is 
steep. 
Analysis of Damaged Girders 
The latter part of this paper presents progressive col-
lapse analysis of the box girder with damage first sus-
tained from an artificial indenter. The purpose of the 
analysis is to compare the predictions of damaged box 
girder ultimate strength with and without residual stress 
using dynamic explicit, implicit and static analysis. This 
section discusses the simulation of indentation damage 
of the box girder using dynamic explicit analysis. The 
results focus on the load of the indenter that punches 
into the box girder with constant velocity and to a depth 
of 0.3m. The following section presents and discusses 
the results from subsequent progressive collapse anal-
yses of the damaged structures. 
Simulation Approach 
The numerical simulations are undertaken with 3 load 
steps: 
- Step 1: penetration of the indenter into the box 
girder at 3m/s and to a depth of 0.3m,  
- Step 2: retraction of the indenter at 3m/s, 
- Step 3: apply incremental bending moment up 
to and beyond the ultimate capacity 
Where Step 3 is completed using the dynamic solver a 
step time of 1 second was used to increment the applied 
curvature from zero to the post collapse region.  
 
Fig. 8: Indentation Scenarios (a) Top Indentation, 
(b) Side Indentation and (c) Bottom Indentation 
 
The indenter is defined as a rigid body cylinder with a 
hemisphere tip. The indenter has a size of 0.75m height 
and 0.35m diameter. The NLFEM analysis used the 
dynamic explicit analysis capabilities of ABAQUS. 
Three different indentation scenarios were completed, 
damaging the bottom, the side and the top flanges of the 
box. In each case the indenter was targeted at the exact 
centre of the flange (Fig. 8). The penetration was suffi-
cient to severely rupture the flange around the targeted 
area. The box boundaries are constrained in all six de-
grees of freedom for the first two steps. All other initial 
settings for the NLFEM analysis were the same as for 
the intact analyses, with superimposed average geomet-
ric imperfections.   
The indentation of the box girder at top, bottom and side 
are completed in a separate simulation file before the 
subsequent bending moment analyses, using the restart 
capabilities of ABAQUS. This reduced the time cost of 
the various analyses considerably as multiple bending 
moment simulations could be completed using a single 
indentation simulation. 
On completion of the indenter analysis steps, the rup-
tured box girder NLFEM models are further subjected 
to incremental bending moments to assess their progres-
sive collapse and ultimate strength characteristics.  The 
NLFEM progressive collapse analyses of the damaged 
box girders are carried out using three approaches, 
which are now summarised.  
The setup is generally as detailed previously, with the 
boundary conditions modified to the constraints shown 
in Fig. 4. A full range of curvature combinations are 
simulated to produce complete interaction curves for 
comparison with the equivalent intact results. The anal-
ysis also allows comparison of several different 
NLFEM solver approaches. Three distinct setups were 
followed: an explicit analysis including the residual 
stresses due to damage; an explicit analysis excluding 
the residual stresses due to damage; and an implicit 
analysis also excluding the residual stresses due to dam-
age. 
Results - Top Damage 
The interaction plots (Fig. 9) show the significant reduc-
tion in ultimate capacity of the top damaged box com-
pared to the intact strength in almost all cases. The re-
duction is most pronounced in the upper part of the 
interaction plot, where the box is under sagging bending 
moment. In this circumstance the damaged region is 
placed under compressive in plane load. This is predom-
inantly taken by the upper parts of the box sides. Com-
pared to the intact box, the compressive load portion of 
the cross section is also increased for the same curvature 
because the neutral axis is lower.  These effects com-
bine to cause much earlier buckling in the upper parts of 
the box, which corresponds to a much lower ultimate 
strength. The reduction in ultimate strength is less sig-
nificant in the lower (hog) part of the interaction plot. 
The interaction plot also shows considerable differences 
between the NLFEM analyses where the residual stress 
due to damage is maintained (dynamic NLFEM with 
residual stress) and the equivalent analyses undertaken 
with no residual stresses included (static NLFEM). The 
simplified progressive collapse results show close corre-
lation to the static NLFEM. Remarkably, under a pre-
dominant hogging bending moment the dynamic 
NLFEM ultimate strength results are greater than for the 
intact case, although the capacity is still much reduced 
in the upper quadrants of the interaction plot. 
These results suggest that the residual stresses in the 
structure, which are particularly high in the region adja-
cent to the ruptured zone, have a significant effect on 
the ultimate strength of the girder, in this case by in-
creasing the capacity for all combinations of applied 
curvature.  Both the static NLFEM and simplified pro-
gressive collapse results do not account for the influence 
of the residual stresses.  
The top damage box girder results from the static ap-
proach and the dynamic – zero residual stress approach 
are compared in Fig. 10. The results reiterate the find-
ings from the intact analyses showing that the two solv-
ers produce almost identical results so long as the initial 
conditions in the mesh are identical. This also shows 
conclusively that the differences between the static and 
dynamic results presented above are due to the residual 
stresses in the mesh resulting from the impact. 
 Fig.9: Interaction Diagram for Top Damage  
 
 
Fig. 10: Comparison of implicit and explicit (zero 
residual stress) solver methods (Top Damage) 
Results - Bottom and Side Damage 
Interaction plots for the bottom damage scenario are 
presented in Fig. 11. Interaction plots for the side dam-
age scenario are presented in Fig. 12.  In comparison to 
the differences shown for the top damage case, the plots 
demonstrates much closer correlation between the static 
NLFEM, dynamic NLFEM and simplified progressive 
collapse results. However, the dynamic NLFEM with 
residual stress results still shows higher ultimate 
strength than the equivalent zero stress static NLFEM 
when the box is predominantly under a hogging bending 
moment, which corresponds to the damage region being 
placed under compressive load.  
The closer correlation between results is likely to be 
because the top flange, which in this scenario is left 
intact, is the dominant load bearing region of the struc-
ture. Therefore, the influence of the ruptured zone and 
the associated tensile residual stress field in the bottom 
flange has less influence on the overall strength of the 
box under longitudinal bending. 
 
Fig. 11: Interaction Diagram for Bottom Damage 
 
 
Fig. 12: Interaction Diagram for Side Damage 
Conclusions 
The strength of three small scale box girder structures 
have been analysed using several numerical methods 
under combinations of longitudinal bending moment. 
The girders have been tested whilst intact and also with 
three damage scenarios, whereby the girder had been 
previously subject to an impact simulation which rup-
tured a large hole in the top, side or bottom flange.   
The results have provided numerical verification of the 
IST box girder experiments [3], and have further elabo-
rated on the reasons why numerical results do not corre-
late closely with the original experiments.  A hypothesis 
is proposed and validated showing that the friction be-
tween the load box and the test section may give rise to 
an artificial increase in the strength of the box girder. 
Although this hypothesis is only based on the infor-
mation of the physical test as published, it provides a 
reasonable explanation for the discrepancy between 
numerical and experimental results.  
The comparison between static and dynamic NLFEM 
solvers for the intact box girder has shown that either 
approach is valid for the purposes of progressive col-
lapse analysis. The assumptions inherent in the static 
method, which neglects the influence of time dependent 
mass and damping effects, are acceptable for progres-
sive collapse even when the buckling is essentially a 
dynamic phenomenon. The results have also demon-
strated that the simplified progressive collapse method 
provides very good results in comparison to the more 
computationally expensive NLFEM.  
However, the damage simulations and the subsequent 
progressive collapse analyses have shown that the re-
sidual stress caused by the impact from a rigid body has 
a significant influence on the ultimate strength charac-
teristics of a ruptured box girder. Residual stresses are 
not accounted for in the simplified progressive collapse 
method or in the static NLFEM analyses as conducted 
in this study. In the dynamic NLFEM analyses the re-
sidual stress, in the form of large tensile zones close to 
the ruptured zone and lesser compressive stresses else-
where, have the effect of increasing the box girder 
strength by up to 10%.  
The results presented in this paper have important im-
plications in the development of approximations of 
rupture and damage in both NLFEM and simplified 
methods. If rupture is modelled by simply removing 
structural elements the influence of the residual stresses 
caused during the initiation of the damage is not ac-
counted for and thus its influence on the overall strength 
of the girder is neglected. A more rigorous approach to 
representing the structure adjacent to a ruptured zone 
may be needed so as to properly account for the signifi-
cant influence of the stresses within the structure.  
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